Introduction 31
Pathogenic fungi pose global threats to agriculture, human, and animal health. Pathogens 32 infecting plants and animals have been shown to rapidly adapt to changing environments, 33
including industrial agriculture and medical treatments, usually in response to adaptive 34 pressure caused by the widespread use of fungicides and pharmaceuticals (Selmecki et al. evolved strains to assess chromosome losses using primer pairs located close to the 101 centromeric region of the respective accessory chromosome. Multiplex PCR was used to 102 simultaneously screen for the presence or absence of all accessory chromosomes in one 103 7 band is indicated on the right. The absence of chromosomal bands confirms the loss of the 109 respective chromosome; chromosome 18 is similar in length to 16 and 17 but is absent in 110
Zt09. PFGE of the accessory (C) and mid-size (D) chromosomes of strains originating from the 111 in vitro temperature stress experiment confirms multiple accessory chromosome losses, size 112 alterations and chromosome fusions (see also Figures 3 and S1 and Table S3 ). The bands for 113 chromosomes 3, 12, 13 and 21 are absent in strain 28-2, however, genome sequencing 114 confirms that the chromosomes are still present in the genome ( Figure 2C ). The absence of 115 bands on the PFGE can be explained by chromosome size changes whereby chromosomes 3 116 and 13 and 12 and 21 have experienced chromosome fusions (Figure 3 and S1). Note a new 117 chromosome band with a size of ~1.8 Mb resulting from the fusion of chromosomes 12 and 118 21. In the strain 28-3, the accessory chromosomes 17 and 19 are shorter than the reference 119 chromosomes due to chromosome breakage ( Figure 2C and Table S3 ). Strain 28-4 has an 120 additional band of ~1.2 Mb, representing the fusion of a duplicated chromosome 17 (Figure 121 S1). All images of stained gels are color-inverted to make differences more obvious. 122 123 124 were the most frequently lost chromosomes, while chromosomes 17, 20 and 21 were not 165 lost in any of the strains (Table 1 and Table S2 ). As for the in vitro experiments, no strains 166 lacking more than one chromosome were found. Interestingly, chromosome 18, which was 167 found to be lost at high rates in our plant experiments, was shown to be frequently absent 168 in field isolates of Z. tritici (Croll et al. 2013; McDonald et al. 2016 ). In summary, our findings 169
show that chromosome loss in Z. tritici not only results from the non-disjunction of 170 homologous chromosomes during meiosis II, as proposed previously (Wittenberg et al. 171
2009), but also from frequent chromosome losses during asexual growth and mitotic spore 172 formation in planta. The observed frequency of chromosome losses in planta is not as high 173
as during in vitro growth, however, the number of mitotic divisions to develop pycnidia is 174 presumably lower than during four weeks of in vitro growth. Therefore, we propose that the 175 reduced number of chromosome losses in planta rather reflects the reduced number of cell 176 divisions than possible fitness effects of chromosome losses. 177 178 179
Chromosome instability is greatly increased during exposure to heat stress 180
In their natural environments, pathogens are exposed to various kinds of biotic and abiotic 181 stresses. For example, the local environment on the leaf surface can fluctuate severely in 182 temperature and humidity conditions (Zhan & McDonald 2011). We assessed the impact of 183 an increase in temperature on chromosome stability of Z. tritici. To this end, we cultivated 184
Zt09 in vitro at elevated temperatures, namely an increase of ten degrees Celsius from 18° to 185 28°C during four weeks of incubation. Subsequent screening by PCR for accessory 186 chromosomes revealed severe chromosome losses in the tested strains. Out of 188 evolved 187 and tested strains, 148 (~80 %) were missing at least one accessory chromosome. 188
Chromosome 14 was the most frequently lost chromosome and 34 evolved strains were 189 lacking more than one chromosome. The maximum number of missing chromosomes was 190 six in one strain (Table 1 and Table S2 ). PFGE revealed that karyotype alterations were not 191 restricted to simple chromosome loss as observed in the in vitro experiments at 18°C and 192 the in planta experiments. In contrast, we observed frequent size variation of both core and 193 accessory chromosomes as a consequence of chromosome breakage, fusions and 194 duplications (see below) ( Figure 1C and 1D, Figure S1 , Table S3 ). 195
196

Genome sequencing of chromosome-loss strains reveals chromosome breakage and 197 fusion, but a low number of SNPs 198
In total, we sequenced 19 genomes originating from the different in vitro and the in planta 199 experiment and the respective progenitor strains; all sequencing results have been 200 deposited in the Sequence Read Archive (SRA) under BioProject ID PRJNA428438. Overall, 201
we confirmed the absence of complete accessory chromosomes (Figure 2A ), and we found 202 very few additional changes. After filtering to exclude reads of poor quality and coverage 203 (see Materials and Methods, Supplementary Text) we identified a total number of nine SNPs 204 in eight sequenced strains originating from the in vitro experiment in liquid culture at 18°C 205 and the in planta experiment. Of these, three SNPs were located in coding regions ( Table  206 S4). Besides the complete loss of accessory chromosomes and the identified SNPs, we found 207 no other mutations when comparing the progenitor and evolved strains. However, we 208
identified SNPs distinguishing Zt09 from our IPO323 reference strain, and the published 209 genome sequence; most of these SNPs were in non-coding sequences ( in the annotated genome sequence, but the expected true number of rDNA repeats is ~50).
233
Whole genome sequencing of five strains evolved at 28°C verified the losses of several 234 accessory chromosomes. Furthermore, comparison of the re-sequenced genomes of the 235 progenitor and the evolved strains revealed substantial size variation resulting from 236 chromosome breakage of core and accessory chromosomes, and duplications of accessory 237 chromosomes ( Figure 2C ). Chromosome breaks located close to the ends of chromosomes 238 resulted in shortened chromosomes caused by subtelomeric deletions of ~0.2-60 kb ( Table  239   S3 ). Detailed analyses of the distribution of discordant paired-end reads mapping to 240 different chromosomes revealed a high number of reads at the chromosome breakpoints 241 with the respective read mates mapping to telomeric repeats ( Figure 3 ). This suggested that 242 most chromosome breaks resulted in shorter chromosomes to which telomeres were added 243 de novo. Besides de novo telomere formation, we found evidence for fusion of core 244 chromosomes in strain Zt09 28-2, where discordant read mapping indicated fusion of the 245 right arms of chromosomes 3 and 13 (Table S3 and Figure 3 ). PFGE and Southern blots 246 further showed fusion of chromosomes 12 and 21 in Zt09 28-2 ( Figure S1 ). In a previous 247 study, we reported evidence for the likely fusion of an ancestral accessory chromosome and 248 core chromosome 7 in the reference isolate IPO323 and Zt09 ( we identified spontaneous changes: (1) fifteen chromosome breakages (twelve with de novo 255 telomere formation and three without evidence for new telomeres), (2) three chromosome 256 fusions, (3) three chromosome duplications, and (4) 16 chromosome losses (Table S3 ). A key 257 observation from our genome data analyses is the frequent involvement of de novo 258 telomere formation and chromosomal fusion as a mechanism to heal broken chromosome 259 ends. While this has been reported for cancer cells (Murnane 2012), it is generally 260 considered a rare event in normal, non-transformed cells. Here we show that de novo 261 telomere formation and chromosome fusion readily occur in a filamentous fungus during 262 growth at temperature stress. shorter chromosome 9, de novo telomere formation deletion fusion telomere discordantly mapping reads at the breakpoint will have their respective read mate on the 269 chromosome that is fused to the breakpoint. If breakage is followed by de novo telomere 270 formation, the discordant reads have their respective read mates on telomeric repeats on 271 random chromosomes. B and C) Read mapping to the genome of the reference isolate 272 IPO323. B) In the experimentally evolved strains of Z. tritici at 28°C, the fusion of 273 chromosomes 3 and 13 in the strain Zt09 28-2 is indicated by the increased occurrence of 274 discordant reads at the chromosome breakpoint of the right arm of chromosome 3 and the 275 right arm of chromosome 13. The color of the reads represents the chromosome their 276 respective mate is mapping to. Color intensity of the reads indicates the mapping quality. C) 277
New telomere formation at the breakpoint, here, as example, shown for chromosome 9 in 278 the strain Zt09 28-2. Telomere formation is indicated by a high number of discordant reads, 279
where the read mates are mapping to the telomeric repeats of different chromosomes. As 280 an example, the right telomere of chromosome 1 is shown, where one mate of the 281 discordant reads at the breakpoint of chromosome 9 is located (dashed line). A total of 282 twelve breakage events that were followed by de novo telomere formation were detected in 283 the five analyzed strains derived from the experiment at elevated temperature. 284 285
Accessory chromosome instability also occurs in Zymoseptoria sister species 286
To assess whether the high frequency of mitotic chromosome loss is specific to Z. tritici, we 287 conducted a short-term in vitro evolution experiment on the fungus Z. ardabiliae, a closely 288 related sister species of Z. tritici that infects wild grasses. We used the previously 289 
experiments. 291
We first generated a high-quality reference genome based on long-read SMRT sequencing 292 frequency among 17 Z. ardabiliae isolates. Based on these, we designed primers to amplify 296 six loci located on putative accessory chromosomes of Za17 (Table S1) . 297
Next, we conducted an in vitro evolution experiment at 18°C for four weeks in liquid culture 298 with Za17 as the progenitor strain. Screening of 288 single clones by PCR identified five 299 strains lacking one of the accessory chromosomes (~1.7%). We further verified the absence 300 of accessory chromosomes by PFGE and whole genome sequencing for three of the five Z. 301 ardabiliae strains ( Figure 2B ). These findings resemble the rapid loss of chromosomes in Z. 302 tritici and suggest a common phenomenon, most likely related to mitotic cell division in the 303 two Zymoseptoria species. 304 305 Accessory chromosome losses affect in planta phenotypes 306
We next addressed the impact of spontaneous chromosome loss by comparing the fitness of 307 the progenitor and evolved Z. tritici strains under different in vitro growth conditions, and 308 during infection of a susceptible wheat variety by comparing growth and pycnidia formation. 309
In vitro, the growth rate of strains lacking an additional accessory chromosome (Zt09∆14 and 310 Zt09∆21) was comparable to the growth rate of the progenitor, Zt09, but with a slight 311 tendency to slower growth of the derived chromosome-loss strains ( Figure S2 ). For a more 312 detailed phenotypic characterization, we used the five chromosome-loss strains isolated 313 from pycnidia from the in planta experiment (Table S2 ). Several stress conditions including 314 osmotic, oxidative, temperature, and cell wall stresses were tested in vitro. We compared 315 the fungal phenotypes of the chromosome-loss strains and the progenitor strain IPO323 and 316 observed no difference in growth rate or colony morphology between any chromosome-loss 317 strain and IPO323 ( Figure S3 ). In planta, however, we observed phenotypic differences 318 between the evolved chromosome-loss strains and their progenitor. We measured fitness by 319 counting the number of asexual fruiting bodies formed in stomata on infected wheat leaves 320 and found a slightly higher fitness of the chromosome-loss strains compared to the 321 progenitor strain (Figure 4) . The difference was most pronounced for the strains lacking ). The loss of chromosomes in haploid organisms, such as Z. tritici, is expected to have 387 more severe consequences, as genetic information is lost from the cell. We considered, 388 however, that the effect of rapid chromosome loss or instability may be advantageous if 389 these traits are selected for in pathogens like Zymoseptoria. 390
The temperature stress experiment in vitro showed that genome instability in Z. tritici, at 391 this temperature, is not restricted to the accessory chromosomes, but also involves the core 392 genome. New chromosome formation induced by telomere to telomere fusion followed by 393 breakage of the dicentric chromosome was reported in Cryptococcus neoformans (Fraser et The accessory chromosomes of Z. tritici do not differ in terms of centromere or telomere 403 organization from the core chromosomes, but the chromatin is largely transcriptionally 404 inactive and potentially more condensed due to an enrichment with the histone H3 that is 405 Heterochromatin has been found close to the nuclear periphery, and H3K27me3 has been 411 shown to be involved in facilitating lamina-proximal positioning (Harr et al. 2015) . We 412 hypothesize that the heterochromatic structure reflects a distinct physical organization of 413 core and accessory chromosomes and likely the subtelomeric regions in the nucleus of Z. 414 tritici, and that this is correlated to the instability of heterochromatic regions and 415 chromosomes. A Hi-C study on Neurospora crassa showed that absence of H3K27me3 416 should be conducted to address this hypothesis. 420
In conclusion, using experimental evolution, electrophoretic karyotyping and genome 421 sequencing we showed that the accessory chromosomes of Z. tritici are highly unstable 422 during asexual growth across numerous mitotic cell divisions ("mitotic growth") in vitro as 423 well as in planta. Surprisingly, increasing the temperature from 18 to 28°C dramatically 424 increased overall genome instability in Z. tritici. Besides chromosome losses we observed 425 structural variation in form of chromosome breakage, duplication, and fusion involving both 426 core and accessory chromosomes, and all events were increased near telomeric sequences. 
Materials and Methods
444
Short term in vitro growth experiment in liquid culture 445
Zymoseptoria strains were diluted from glycerol stocks (-80°C), plated on YMS agar (4 g yeast 446 extract, 4 g malt extract, 4 g sucrose, and 20 g agar per 1 liter) plates and grown for seven 447 days at 18°C to obtain single colonies. One single colony was picked and suspended in 100 µL 448 of YMS. Three replicate cultures were inoculated with 20 µL of cells from the single colony 449 (~50,000 cells). Cells were grown in 25 mL YMS medium at 18°C or 28°C shaking at 200 rpm 450 and 900 µL of the cultures were transferred to fresh medium after 3-4 days of growth. In 451 total eight transfers were conducted, for a total time course of four weeks. 452
453
Short term in vitro growth experiment on agar plates 454
A single colony derived directly from a plated dilution of frozen stock for Zt09 (IPO323∆18) 455 was resuspended in 1000 µL YMS including 25% glycerol by 2 min vortexing on a VXR basic 456
Vibrax at 2,000 rpm, and 10-50 µL were replated onto a YMS agar plate. Forty replicates 457 were produced. Cells were grown for seven days at 18°C whereby a random colony (based 458 on vicinity to a prefixed position on the plate) derived from a single cell was picked and 459 transferred to a new plate as described above. The transfer was conducted for a total of four 460 times before a randomly chosen colony of each replicate was PCR screened and their 461 complement on accessory chromosomes characterized as described below. 462 463
Screening by PCR 464
Cells from transfer eight of liquid cultures were diluted and plated on YMS-agar plates to 465 obtain single colonies. To extract DNA, single colonies were suspended in 50 µL of 25 mM 466 NaOH and boiled at 98°C for 10 min; 50 µL of 40 mM Tris-HCl, pH 5.5, were added and 4 µL 467 were used as template for the PCR. Primers for the right and left subtelomeric regions and 468 close to the centromere were used for the chromosome loss screening in our Z. tritici 469 isolates, for Z. ardabiliae primers in the center of candidate accessory chromosome unitigs 470 were used. Primers and expected fragment lengths are listed in Table S1 . Primers were 471 designed with Clonemanager (Sci-Ed Software, Denver, USA) and MacVector and ordered 472 from eurofins Genomics (Ebersberg, Germany). 473
474
Plant experiments and pycnidia isolation 475
Growth conditions for plants were 16 h at light intensity of ~200 µmol/m -2 s -1 and 8 h 476 darkness in growth chambers at 20°C with 90% humidity. Seeds of the Z. tritici susceptible 477 wheat cultivar Obelisk (Wiersum Plantbreeding BV, Winschoten, The Netherlands) were 478 germinated on wet sterile Whatmann paper for four days at growth conditions before 479 potting. Following potting, plants were further grown for seven days before infection. 480
For the phenotypic analyses, three independent experiments were conducted and 21 plants 481
were used per strain per experiment. An ~5 cm long section on the second leaf of each plant 482 was infected by brushing a cell suspension with 10 7 cell/ml in H2O + 0.1% Tween 20 on the 483 abaxial and adaxial side of the second leaf. Plants were placed into sealed bags containing 484 ~1 L of water for 48 h to facilitate infection at maximum air humidity. Infected leaf areas 485 were harvested 21 days post infection for further phenotypic analysis or prepared for 486 pycnidia isolation by surface sterilization with 1.2% NaClO for 2 min followed by 70% ethanol 487 for a few seconds and washed twice with H2O. Leaves were placed into a sterile environment 488 with maximum air humidity and incubated for 7-14 days at plant growth conditions. Spores 489 that had been pressed out from pycnidia were isolated using a sterile syringe needle and 490 resuspended into 50 µL YMS medium with 50% glycerol. Cells were suspended by 30 min 491 vortexing on a VXR basic Vibrax (IKA, Staufen, Germany) at 2,000 rpm, plated on YMS agar, 492 and incubated for seven days at 18°C. Colonies arising from single cells were PCR screened 493 and their complement on accessory chromosomes characterized as described below. 494 495
Phenotypic characterization of infected leaves 496
Harvested leaves were taped to a sheet of paper and scanned using a flatbed scanner at a 497 resolution of 2,400 dpi. The scanned leaves were analyzed using ImageJ (Schneider et al. 498
2012) and a plug-in described previously (Stewart et al. 2016 ). The measurement of 499 pycnidia/cm 2 was used for further statistical analyses in R (Ihaka & Gentleman 1996) . The 500
Wilcoxon-Rank-Sum test and the Holm's correction for multiple testing were applied to 501 assess statistical differences between the samples. 502 503
In vitro phenotype assay 504
A spore solution containing 10 7 cells/mL and tenfold dilution series to 1,000 cells/mL was 505 prepared. To test for responses to different stress conditions in vitro, YMS plates containing 506 NaCl (0.5 M and 1 M), sorbitol (1 M and 1.5 M), Congo Red (300 µg/mL and 500 µg/ml), H2O2 507
(1.5 mM and 2 mM), MMS (methyl methanesulfonate, 0.01 %), a H2O-agar plate and two 508 plates containing only YMS were prepared. Three µL of the spore suspension dilutions were 509 pipetted on the plates and incubated at 18°C for seven days. One of the YMS plates was 510 incubated at 28°C to test for thermal stress responses. DNA for whole genome sequencing was prepared as described in (Allen et al. 2006 2) Coordinates of cases where new telomeres were not located at chromosome breakpoints. 772 
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Z. tritici 1 0 chr 9: 1,937,298 A -> G Za17∆24
Z. ardabiliae tested, IPO323 was used as the reference strain. We observed no noteworthy differences in 820 growth rate or colony morphology between reference and chromosome-loss strains. 821 IPO323 18 10 7 10 6 10 5 10 4 10 7 10 6 10 5 10 4 10 7 10 6 10 5 10 4 10 7 10 6 10 5 10 4 cells/mL
